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Detecting dissolved oxygen (DO) concentration is of great importance in chemical, biochemical, environmental, industrial and medical applications [1] .T he conventional method for DO detection is iodine titration [2] . However, this method is not of practical application, as it involves several chemicalr eactions,b eing quite time-consuming (and chemicals-consuming as well), and cannot be used for in situ real-time measurements [2] .C onsequently,g reat effort has been devoted to the development of alternative DO sensors [3] [4] [5] [6] [7] [8] that are accurate and with fast response.M ost of the reported approaches are built on the Clark electrode and its modified forms [3] [4] [5] .D espite popular application of the Clark electrode,i th as an especially significant drawback in that its signal is unstable due to the consumption of the silver counter electrode [9] .A saresult, Clark-type oxygen sensors need frequent and elaborate precalibration, especially for long-term measurements [9, 10] .T oo vercome the problem of signal drift, an optical and electrochemical integrated methodology has been proposed based on total internal reflection imaging ellipsometry (TIRIE) [11] .I nt his combination system (EC-TIRIE), ag old film coated on ag lass slide is used as both the working electrode and the optical sensing surface,p roducing simultaneous optical and electrochemical signals that can be easily monitored. Since the two signals can corroborate each other,t his combination system provides ar eliable method to validate the DO readings.T he initial results obtained by this combination system confirm the feasibility of the methodology.H owever using only the gold film the optical signal change is very small. From oxygen-free to oxygen-containing solution, the optical signal change is less than 2g rayscale units [11] .T oa mplify the optical signal, an electronically conducting polymer,p olyaniline (PAn), is used to cover the gold film surface due to its specific optical and electrochemical properties.P An suffers structural modifications depending on its oxidation state and the pH of the medium, which are accompanied by color changes [12] [13] [14] .I na cidic solution, PAnc an suffer two redox transitions,b eing oxidized from its fully reduced, or leucoemeraldine state (benzenoid structure;p ale yellow) to its partially oxidized and conductive state,e meraldine (radical cation intermediate form;c ombination of quinoid and benzenoid structures;g reen), and further to its fully oxidized, pernigraniline state (quinoid structure;b lue) [13, 14] .W hen exposed to oxygen, PA ni ss pontaneously oxidized from the leucoemeraldine to the emeraldine state,e videnced by ac hange in the polymer color [14] [15] [16] [17] [18] . Ther esults obtained with the combination system using aP An-modified gold film (Au-PAn) confirm that PAnhas the ability to amplify the optical signal of the combination system for DO detection [11] .N evertheless,u nder optimal conditions the optical signal achieved by Au-PAn Abstract:P olyaniline (PAn) films can be used in an electrochemical and optical combination system to amplify the optical signal for dissolved oxygen (DO) detection. To further improve the sensitivity of PA nf ilm to DO,a n oxygen-sensitive molecule,F e(III) meso-tetera (4-sulfonatophenyl) porphyrin (FeTSPP) is incorporated into PA n during the film generation. Results show that, after incorporating FeTSPP into the PA nm atrix, both optical and potentiometric responses to DO are improved. Theo ptimal optical signal is obtained under the application of À2.5 mAt ot he modified electrode.U nder this applied current, both optical and potentiometric signals show linear relations with the DO concentration within the range of 0.00-4.63 mg L is about 10 units in the TIRIE grayscale,w hich is still very limited.
In order to improve the sensitivity of PA nt oDOm onitoring and further amplify the TIRIE signal, an Fe(III) coordination compound, highly responsive to oxygen, is incorporated into the PA nm atrix in this work. Thei nsertion of compounds with ah igh affinity for molecular oxygen into the polymeric matrix can increase the sensitivity of the modified electrode towards DO detection. Some oxygen reduction catalysts,s uch as phthalocyanine metal complexes [19] or noble metal catalysts [20, 21] can be immobilized in conducting polymer matrices to improve the films sensitivity to oxygen [19] .T ransition metal complexes,including Co and Fe-containing metalloporphyrins,h ave been extensively explored as catalysts for electrochemical reduction of molecular oxygen [22] [23] [24] [25] .T hey have been used in hybrid structures mixed with polyaniline derivatives [26] or as composite catalysts along with other transition metal oxides [27] .
In this paper, Fe(III) meso-tetra (4-sulfonatophenyl) porphyrin (FeTSPP) is incorporated into PA nf ilms to improve the sensitivity of PAnt oD Oa nd further amplify the optical signal. This compound was chosen for two main reasons:1 )I ron porphyrins catalyze the oxygen reduction reaction by being themselves oxidized in areversible process [28] ;2 )d ue to its anionic groups and relative (to aniline) big size,F eTSPP should be efficiently entrapped into the polymeric matrix of PAnb yc odeposition during its electropolymerization. It is expected that iron porphyrin will enhance the modified electrodes response to oxygen by acting as am ediator,b eing oxidized by oxygen and regenerated by the PA nm atrix, resulting in acolor change of the film.
Initially,t he FeTSPP is characterized electrochemically by cyclic voltammetry (CV) in O 2 -containing solution to confirm its electrocatalytic activity towards the oxygen reduction reaction (ORR). After that, modified electrodes of polyaniline containing the iron-porphyrin (PAnFeTSPP) are prepared by doping-entrapment in the polymeric matrix during its electrochemical generation. The electrochemical conditions of the synthesis of the PA nFeTSPP films are optimized to obtain the amplified optical signal for DO detection. Thes urfaces of PA na nd PA n-FeTSPP films were characterized by atomic force microscopy (AFM) imaging in order to assess the effect of the introduction of the porphyrin into the polymeric matrix on film morphology.F inally,t he dynamic responses of the EC-TIRIE (electrochemistry-total internal reflection imaging ellipsometry) sensor to different concentrations of DO are studied and working curves for this combination system are obtained. ) were used without any further purification. Thet etra-sodium Fe(III) meso-tetra (4-sulfonatophenyl) porphyrin (FeTSPP,S cheme 1) was purchased from Frontier Scientific(U.S.A.). Sodium sulfite (BioXtra, ! 98 %) was obtained from Sigma-Aldrich. Ultrapure water was obtained from MILLI-Q purification system (18.2 MW at the room temperature) and used to prepare all the solutions.N itrogen (99.9 %) and oxygen (99.9 %) were acquired from Beijing Oxygen Factory.T he polymerization and acidic solutions were de-aerated with nitrogen before the electrochemical experiments.
Apparatus
Scheme 2A (see [29] for further details) illustrates the prism-based TIRIE imaging setup used for all experiments described in this paper. AS F10 trapezoidal prism was used with an expanded light beam at 633 nm wavelength as light source and imaged with ac harge coupled device (CCD) camera. Thei ncident light beam goes through the polarizer, the compensator and the 658 prism where the evanescent wave is used as optical probe to detect structural alterations at the electrode surface.T he incident light beam is reflected at the interface between the substrate and the tested solution and then passes through an analyzer and is focused on as ensing area of the CCD camera. Thes ignal is the variation of polarized light intensity detected by the CCD camera, due to the change of polarization of the reflected light beam induced by reactions on the substrate.T he image signal was recorded in 8b it (0-256) grayscale format. As the TIRIE sensing surface,a30 nm thick gold layer on ag lass slice modified with the PAn-FeTSPP film was placed on top of the prism using index-matching oil. Ac ustom-built electrochemical cell was then placed on top of the gold film for holding the tested solution. Awound Pt wire counter electrode and as aturated calomel reference electrode (SCE) were inserted into the electrochemical cell from the top opening. AV ersaSTAT 3e lectrochemical system (U.S.A.) was used for controlling the working electrode potential and recording the potential and current.
Scheme 2B (see [11] for further information) shows the detailed scheme of the cell used in this work. Thee lectrochemical cell is separated from the sample cell by an oxygen-permeable membrane.T he electrolyte is then filled in the space containing the three-electrode system. DO in samples can diffuse into the supporting electrolyte through the oxygen-permeable membrane.I na ddition, ap olydimethylsiloxane (PDMS) film is used to provide al iquid-tight seal for the electrochemical cell which established the active area of the electrode (A % 0.28 cm 2 ). Ac ommercial dissolved oxygen meter (TP 351, Beijing Timepower Measurement and Control Equipment Co, Ltd) was used to gauge oxygen concentration in samples.
PAna nd PA n-FeTSPP films were also synthesized on Arrandee thin gold film electrodes,c onsisting of a2 00 nm Au layer on borosilicate glass (with ap re-layer of 2-4 nm of chromium). Film morphology was imaged by AFM using aN anoscope IIIa Multimode microscope (DI Veeco) in tapping mode with silicon probes and an oscillation frequency of ca. 300 kHz. Thei mages were obtained at ascan rate of ca. 1.5 Hz.
Experimental Procedure
Prior to each experiment, the gold substrate was treated in aU V/ozone cleaner for 15 min, followed by rinsing with deionized water and high purity ethanol several times.( Caution:t he UV/ozone cleaner is an extremely strong oxidant and is potentially explosive,s oi ts hould be handled with extreme caution).
PAn-FeTSPP films were grown on the gold substrate from 0.5 MH 2 SO 4 containing 0.1 Ma niline and 0.05 mM FeTSPP.T he electrosynthesis was performed potentiodynamically for 8c ycles at as can rate of v = 20 mV s
À1
.F or the first five cycles the potential of the electrode was scanned from À200 to 800 mV (vs.S CE), then the anodic limit was lowered to 750 mV for the next three cycles in order to avoid over-oxidation of the PAnfilm [18, 30] .
Steady-state polarization curves of the PA n-FeTSPP film were obtained in the potential range between À200 and 400 mV vs.S CE, in 0.1 MH 2 SO 4 in the presence and absence of oxygen. Potential steps of 20 mV were applied with ad uration of 60 se ach and the optical signal and current value were recorded at the end of this period.
After the electropolymerization, the electrochemical cell was filled with oxygen-free 0.1 MH 2 SO 4 as supporting electrolyte for DO detection;acyclic voltammogram of the modified electrode in this solution was recorded before each DO measurement. ForD Oa ssessment, an electrode potential of À200 mV (vs.S CE) was first applied for 60 st of ully discharge the film and guarantee the same initial conditions in all the experiments.F inally, DO was measured under the application of as mall cathodic current (2.5 mA) to the modified electrode,b yp assing the sample solution (with different DO contents) through the sample cell.
Preparation of Solutions with Different Concentrations of DO
Different concentrations of DO in the sample solutions were obtained by adding sodium sulfite into air saturated 5mMP BS solutions,i ns uitable amounts,t aking into account the stoichiometry of the reaction SO 3
.T he DO concentrations of these samples were confirmed by the commercial dissolved oxygen meter.
3Results and Discussion
Electrocatalytic Properties of FeTSPP toward ORR
Thee lectrochemical activity of FeTSPP was characterized in 0.5 MH 2 SO 4 solution and, in order to evaluate the catalytic activity of this iron porphyrin towards the ORR, cyclic voltammograms were recorded in the presence and absence of oxygen, and compared to control CVs registered in the absence of FeTSPP.T he resulting voltammograms represented in Figure 1 . In the relevant potential range and in the de-aerated solution, only one current Scheme 2. (A) Scheme of the total internal reflection imaging ellipsometry (TIRIE) system and (B) the electrochemistry-total internal reflection imaging ellipsometry (EC-TIRIE) combination setup.
www.electroanalysis.wiley-vch.depeak (E % 0mV( vs.S CE)) can be attributed to the ironporphyrin. This cathodic wave corresponds to the reduction of Fe(III) to Fe(II) in the FeTSPP [31] .
Thev oltammogram obtained in the presence of oxygen reveals the catalytic activity of FeTSPP toward the ORR, as can be observed by comparing the voltammograms registered in oxygenated H 2 SO 4 solution with and without the iron-porphyrin. Thec athodic current generated in the FeTSPP-containing solution has an onset potential of E % 200 mV (representing as hift of approximately 100 mV from that recorded in the absence of FeTSPP) and ap eak at E %À130 mV (vs.S CE) (negatively shifted by about 60 mV from that obtained without the metalcomplex). Thep eak corresponding to the reduction of the iron within the porphyrin macrocyclei ss lightly shifted to am ore positive potential (E p % 50 mV) by the presence of oxygen in solution.
Ther esults confirm the catalytic activity of FeTSPP for the ORR. It can, therefore,b ee xpected that the insertion of FeTSPP into the polymeric matrix of PAnw ill result in an increase of sensitivity of the modified electrode to oxygen due to am ediator-type effect, where the Fe(II)TSPP in the PAnmatrix is oxidized by the dissolved oxygen in solution (E onset % 200 mV; E p red % 100 mV) and subsequently regenerated (reduced) by the PA n( E onset % 50 mV; E p ox % 200 mV- Figure 1A Supporting Information). Thee xtent of this process should be dependent on the quantity of DO that the PAn-FeTSPP film is exposed to,a nd it should be reflected in the color and refractive index of the film, as well as in the measured potential of the system. Figure 2s hows the cyclic voltammograms recorded during the polymerization of aniline in the presence of FeTSPP and the simultaneously registered TIRIE optical response of the electrode surface.I nt he first potential scan it can be noted ( Figure 2A )t hat the current increases at potentials higher than 750 mV (vs.S CE), corresponding to the monomer oxidation and formation of the first nuclei of the polymer.I ti sw orth of notice that this feeble modification of the surface can be perceived by the TIRIE optical monitoring of the electrode (Figure 2B ). In the backward potential scan, ac athodic wave with an onset potential of E % 200 mV (vs.S CE) and centred at E %À100 mV (vs.S CE) must be attributed to the presence of FeTSPP in solution since it did not occur during the polymerization of aniline on gold in the absence of the metal-complex [11, 32] .T he thickening of the film upon repetitive potential cycling is evidenced by the continuous increase of the height of the polymer redox peaks in the potential range À100 to 300 mV (vs.S CE). Them agnitude of the optical changes displayed in Figure 2B increases accordingly with the polymer thickening, and reveals significant differences from the oxidized to the reduced state of the film. Those signal modifications result from the well-known chromatic conversions of the PA nc orresponding to its actual redox state.T he electrochemical response of the FeTSPP is masked by that of the PAn, as evidenced by the displacement of the reduction peak potential for the typical values of the PA n films.N evertheless,t he higher reduction charge (recorded in the potential interval where the redox conversion of the film takes place) compared to the oxidation charge, indicates that the anionic organometallic complex that is www.electroanalysis.wiley-vch.debeing incorporated as counter ion in the anodic scan, is not completely expelled during the polymer reduction, and part of it remains entrapped in the polymer matrix. Figure 2B shows clearly (see red triangles) that the optical properties of the film change significantly from cycle to cycle,n amely in the negative potential range.F urther experiments (not shown) demonstrate that the magnitude of the variation of the optical signal upon redox conversion of the film did not increase significantly for films synthesized with more than 8g rowth cycles in our conditions.O nt he other hand, for TIRIE measurements,i ti s important to keep the film thickness as thin as possible since the thickness of the film must be within the probe depth of the evanescent wave (about 100 nm). It was therefore decided to prepare the PA n-FeTSPP films for DO monitoring with only eight growth cycles.
Electrochemical Synthesis of PAn-FeTSPP

Morphological Characterization of PAn-FeTSPP
Figure 3d epicts AFM images of PA na nd PA n-FeTSPP films grown on thin layer Au surfaces under the same electrochemical conditions.F igure 3A shows that the electrode surface is completely covered by PA n, and that the polymer has ag lobular morphology that is typical for such materials [33] .I nF ig.3Bi tc an be seen that, the presence of FeTSPP has ad rastic effect on the morphology of the film, exhibiting cylindrical shaped filaments covered by polymer growing outwards.T he explanation for this behaviour is the well-known formation of porphyrin J aggregates in acidic aqueous solutions [34] ,w hich originates such tri-dimensional arrangement. As ix-fold increase in the root mean square roughness (R q )f rom 2nm with the PA nf ilms to 12 nm, in the presence of the por- www.electroanalysis.wiley-vch.dephyrin moiety is observed. Thet opography of the modified electrode strongly suggests that the interaction of the oxygen with the catalyst should be mainly as urface phenomenon due to the high exposed active area.
Electrochemical and Optical Response of PAnFeTSPP to DO
Steady state polarizationc urves of the electrode modified by PA n-FeTSPP were registered and accompanied by TIRIE in O 2 -free and O 2 -containing H 2 SO 4 (0.1 M) solution.
These results,r epresented in Figure 4 , confirm the affinity of the PA n-FeTSPP towards oxygen. In the presence of oxygen, the modified electrode exhibits ah igh catalytic activity for the dioxygen reduction with an onset potential of about 0.3 Vv s. SCE. Due to the steady-state conditions imposed to the system, the redox conversion of the polymer is not evident in these experiments (see Figure 3S upporting Information for the curves recorded at v = 20 mV s
À1
). Nevertheless,t he processes corresponding to the leucoemeraldine -e meraldine transition (both the reduction and oxidation of the PA nm atrix) were detected by TIRIE -F igure 4B.
This sensitivity to oxygen is ac onsequence of the incorporated FeTSPP in the PA nm atrix, since it is not observed with the PA np olymer (see Figure 1Supporting Information). Theo ptical data obtained during this characterization gives us important information about the maximum range of grayscale values which can be obtained with the modified electrode and indicates the optimal potential range for DO detection. Figure 4B shows ah ysteresis between the anodic (forward) and cathodic (backward) scans,w hich can be attributed to the structural and morphologic modifications that all conducting polymers suffer during their redox processes [32, 35, 36] ;S ince the redox conversion of any polymer film involves mechanical deformation of the matrix (with simultaneous intake and/or expulsion of solvent and counter-ions), high activation overpotentials are required both for oxidation as well as for reduction, resulting in as ignificant redox hysteresis.I nt he absence of oxygen the grayscale values are at am aximum when the modified electrode is in its reduced state.A st he potential increases,t he grayscale values decrease with as low slope at first, steeply as the polymeric matrix is oxidized. After reaching am inimum at E % 200 mV (corresponding to the transition leucoemeraldine -e meraldine), the grayscale values rise slowly,r eaching al ocal maximum at the anodic potential limit of the polarization curve as the polymer is being further oxidised. In the cathodic sweep,the graph has asimilar shape,w ith as light shift to more negative potentials. In the oxygenated solution the overall optical features are similar with the exception of behaviour at the more negative potential region where the grayscale value corresponds to ap artially oxidised state of the film caused by the presence of the oxygen.
Based on the data obtained during the electrochemical and optical characterization, it is evident that the ideal potential range for the DO detection is where the steepest change in grayscale as afunction of the applied potential occurs,i .e.b etween the maximum (E % 0mV) and minimum (E % 200 mV) of grayscale registered during the anodic scan. Theg rayscale values registered during the coupled electrochemical/optical experiments confirm that there is significant change in the optical properties of the film during its doping/dedoping process.
Them odified electrode was initially extensively discharged to the neutral state by submitting the film to apotential of À0.2 Vf or 60 s( time large enough to the current fall to negligible values). After this procedure the electric and optical response of the surface was monitored under open circuit conditions and as tabilization of the grayscale values was achieved for t ! 400 sw ith ad ifference of only % 4.7 units in the presence and absence of This galvanostatic condition results in as hift of the electrode potential to the typical values corresponding to the oxygen reduction (according with its concentration) in such polymer,w hile in the absence of oxygen the electrode potential will be driven to much lower potential values in order to maintain the imposed cathodic current. Them agnitude of the applied current was carefully optimized to tune the potential values into the region where the grayscale changes are greatest. Figure 5s hows the evolution of the electrical potential of the PAn-FeTSPPmodified Au electrode during the application of acathodic current (I appl = À2.5 mA) in O 2 -free and O 2 -containing 0.1 MH 2 SO 4 solution, following the initial discharge period (E = À200 mV (vs.S CE); t = 60 s). Thed ata show that both electrochemical (potential) and optical parameters stabilize at t % 180 s, i.e.a fter applying I appl for 120 s. Them easured potential for t ! 180 si s7 5mVi nt he absence of oxygen, 250 mV in its presence (DE % 175 mV). Thed ifference between the values in grayscale registered for the O 2 -free and O 2 -containing solution is,a pproximately,33grayscale units.
To evaluate the suitability of the PAn-FeTSPP modified electrode to be employed in aD Os ensor,i ts re- sponse to samples with different concentrations of DO was monitored by the coupled EC-TIRIE system. The electrochemical and optical response of the modified surface to different contents of oxygen in the test solutions are displayed in Figure 6 , and represented against the oxygen content of the sample solution in Figure 7 ( data collected at t = 300 s). Ther esults confirm the ability of such am odified electrode to monitor the DO content of aqueous solutions using the combined EC-TIRIE sensor. Both electrochemical and optical signals are significantly increased when compared with those obtained with bare gold or PAn [ 11] ,r evealing ah igh sensitivity to very low amounts of DO.F urthermore,t he galvanostatic control of the electrode rendered the detection method much faster than when undertaken under equilibrium conditions. Table 1compares the sensitivities and DO ranges of applicability of different sensors reported in the literature. Most DO sensors are amperometric, so ad irect comparison of these sensitivities with that of the system studied in this work is not possible.N evertheless,a mong those with potentiometric transduction, the response of the PA n-FeTSPP modified electrode for low DO concentrations is,b yf ar, much better than the other reported probes.F urthermore,t he potentiometric approach is less sensitive to variations of the conductivity (ionic strength) of the sample solutions than the amperometric method.
4Conclusions
Polyaniline films containing entrapped Fe(III) meso-tetra (4-sulfonatophenyl) porphyrin (FeTSPP) anions (PAnFeTSPP) have been prepared and revealed high sensitivity towards the presence of DO,k eeping the typical electrochemical reversibility of PAn. Employed in an EC-TIRIE sensor,t he PAn-FeTSPP-modified Au electrode revealed much higher sensitivity to DO than at hin gold film or PAn-modified gold electrode,e ven for very low oxygen concentrations.T he galvanostatic control by the application of as mall cathodic current to the electrode also reduces significantly the response time of the sensor and tunes the redox state of the modified electrode to the more responsive region of the polymeric probe.T he combined electrochemical and optical signals strongly corroborate each other,a llowing the normalization of the readings in repetitive measurements using the same modified electrode. Fig. 7 . Electrode potential and grayscale recorded at t = 300 so f the PA n-FeTSPP-modified electrode exposed to different concentrations of DO;C onditions:0 .1 MH 2 SO 4 ;i nitially, E = 200 mV was applied for 60 sf ollowed by the application of acathodic current of I appl = À2.5 mA. Table 1 . Comparison of the sensitivity of the combination sensor with previously reported works. bCDSAuNP: b-cyclodextrin-modified gold nanoparticles;F eT4MPyP:i ron(III) tetra-(N-methyl-4-pyridyl)-porphyrin;C oTSPc:c obalt tetrasulfonated phthalocyanine; PLL:p oly-L-lysine;P FeTMHPP:p olymerized iron(III) tetra(3-methoxy-4-hydroxy-phenyl) porphyrin;P EDOT: poly (3,4- 
